We investigated the association between severe malaria and genetic variation of IL10 in Gambian children, as several lines of evidence indicate that IL10 is protective against severe malaria and that IL10 production is genetically determined. We began by identifying five informative SNPs in the Gambian population that were genotyped in a combined case-control and intrafamilial study including 654 cases of severe malaria, 579 sets of parents and 459 ethnically matched controls. No significant associations were identified with individual SNPs. One haplotype of frequency 0.11 was strongly associated with protection against severe malaria in the case-control analysis (odds ratio 0.52, P ¼ 0.00002), but the transmission disequilibrium test in families showed no significant effect. These findings raise the question of whether IL10 associations with severe malaria might be confounded by foetal survival rates or other sources of transmission bias.
Introduction
Many African children suffer repeated clinical episodes of malaria due to Plasmodium falciparum and in the order of 1% of these episodes are fatal. It is thought that a wide range of environmental and genetic factors determine susceptibility to life-threatening clinical complications, collectively known as severe malaria, 1 although the genetic factors involved are for the most part unknown.
IL10 is an obvious candidate for investigation. IL10 is a crucial anti-inflammatory cytokine and experimental studies of murine malaria show that disruption of the IL10 gene results in increased disease severity including cerebral pathology. 2, 3 In Ghanaian children with P. falciparum malaria, low circulating IL10 levels were found to be associated with severe malarial anaemia. 4 Several authors have used the ratio of circulating IL10 to TNF to represent the balance of anti-and proinflammatory effects in malaria. When compared to children with uncomplicated malaria fever, the IL10 : TNF ratio was reduced in both Ghanaian and Kenyan children with severe malarial anaemia, 4, 5 and in Gabonese children with severe malaria in general. 6 Taken together, these findings strongly suggest that IL10 is protective against severe malaria. Since the level of IL10 production appears to be under genetic control [7] [8] [9] [10] and IL10 polymorphisms have been associated with a range of inflammatory diseases including rheumatoid arthritis, 11 systemic lupus erythematosus, 12 graft-versushost disease 13 and psoriasis, 14 we carried out an initial investigation of whether genetic variation at the IL10 locus affects the severity of disease in African children with P. falciparum malaria.
Results

Selection of informative SNPs
We began by investigating eight SNPs over a 8 kb genomic region spanning IL10, including 3 kb of the 5 0 -flanking region. All had been observed at X0.10 frequency and were known to occur in people of African descent. They were genotyped in 32 Gambian family trios (mother/father/child) and haplotype structure was determined, by first identifying pedigrees where the phase was unambiguous, and then using the PHASE algorithm to estimate the remaining haplotypes. Frequencies of SNP alleles and of haplotypes were then calculated for the 128 parental chromosomes.
Details of the SNPs examined and of their minor allele frequencies in this study population, which ranged between 0.06 and 0.43, are shown in Table 1a . Linkage disequilibrium between the different SNPs is summarised in Supplementary Table A. A Greedy algorithm, set to obtain a minimal chromosomal coverage of 90%, was used to identify haplotype blocks (Figure 1 ). This identified a major block comprising five SNPs in the region þ 5941 to þ 919, while the three SNPs in the 5 0 -flanking region did not form blocks. Using the ENTROPY algorithm, we identified five SNPs (Table 1a and Figure 1 ) that captured 490% of the observed haplotype diversity.
Case-control analysis of association with severe malaria We analysed the five most informative SNPs in 667 Gambian children with severe malaria (comprising 403 cases of cerebral malaria and 264 with severe malaria anaemia-13 individuals had both cerebral malaria and anaemia) and in 459 ethnically matched population controls. The mean age of cases with cerebral malaria was 58 months and those with malarial anaemia 33 months. The male/female frequency in each case group was 0.52/0.48 and in the control group 0.51/0.49, respectively. The ethnicity of each patient group is presented in Table 1b. When analysed at the level of individual SNPs (Supplementary Table B) , we found no significant association. When analysed at the haplotypic level, the five SNPs defined six haplotypes of frequency 40.05 in this study population (Table 2 ). In all, 26% of all haplotypes required phase estimation of at least one allele with 92% of all estimated allelic positions being estimated with a probability of greater than 90%. One haplotype, here termed HAP3, was at a population frequency of 0.11 and showed a highly significant association with protection against severe malaria. This association was observed for severe malaria overall (odds ratio 0.51, P ¼ 0.00002 by w 2 test), for cerebral malaria (odds ratio 0.52, P ¼ 0.0004) and for severe malarial anaemia (odds ratio 0.43, P ¼ 0.0001).
These associations remained highly significant when stratified by ethnic group. The Mantel-Haenszel test 15 gives a stratified statistical analysis to provide a way to adjust for possible confounding effects. It estimates a common odds ratio across the strata by calculating 2 Â 2 tables for each ethnicity giving for severe malaria overall an odds ratio of 0. Transmission disequilibrium test (TDT) analysis of association with severe malaria Inspection of Table 2 shows that HAP3 is uniquely defined in this study population by three SNPs at positions þ 4949, À1117 and À3585. To economise on genotyping, only these three SNPs were tested for association with severe malaria in 579 affected family trios, comprising 279 of the cases used in the case-control analysis plus 300 additional cases. False pedigrees were identified in 8% of families and these were excluded from the analysis. As shown in Tables 3 and 4 , TDT analysis identified no significant association with HAP3.
The only potentially significant association that we identified by TDT analysis involved haplotypes 1 and 4, which appear to be cladistically related to each other as they share the same alleles at positions þ 4949, À1117 and À3585. Here, we refer to the combination of haplotypes 1 and 4 as CLADE1/4, which had a population frequency of 0.52. As shown in Table 3 , TDT analysis of CLADE1/4 showed an apparent association with susceptibility to severe malaria that was of borderline significance (P ¼ 0.01 for severe malarial overall, P ¼ 0.03 for severe malarial anaemia). However, when CLADE1/4 was investigated in the case-control analysis, we found no significant association (Table 2) .
Discussion
This study reveals no evidence of an association between susceptibility to malaria and individual SNPs at the IL10 locus. The SNPs that we investigated included three within the IL10 promoter region (at À627, À1117 and À3585) that have previously been reported to be associated with differences in IL10 production. [8] [9] [10] The finding of haplotypic association, without individual SNP associations, raises the possibility that susceptibility The tagging SNPs detailed in Table 1 were selected using the ENTROPY program, typed and then phased using the program PHASE. Haplotype frequencies are shown for each of the three major case-control study groups each comprising N individuals. Haplotype 3 and the clade of haplotypes 1 with 4 were identified by genotyping the +4949, À1117 and À3585 polymorphisms only.
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to malaria is determined by IL10 polymorphisms that were not typed here but are in linkage disequilibrium with those genotyped in the current study, 16, 17 or that the functional effect in the case of malaria depends on a specific combination of SNPs being present.
Case-control analysis indicated a strong protective effect of HAP3, the haplotype defined by þ 4949G/ þ 919C/À627G/À1117C/À3585T. This haplotype, which has an allele frequency of 0.11 in the general population, appeared to give 49% protection against severe malaria overall, with a similar level of protection against cerebral malaria and severe malaria anaemia when these were analysed independently. The association with severe malaria has a nominal P-value of 0.00002, and even with a conservative interpretation of multiple comparisons (say there are approximately 100 different ways in which these IL10 SNPs and their haplotypic combinations could be analysed, which would give a Bonferroni corrected value of P ¼ 0.002), this finding would seem to be highly significant. 18 It is intriguing that the strong case-control association with HAP3 could not be confirmed by a TDT analysis in the same population, while CLADE1/4 (comprising HAP1 and HAP4) showed a borderline TDT association but no case-control association. This raises the possibility that the case-control association was a false-positive result arising from population stratification, but we found no evidence of this when we broke the results down by ethnic group: a trend towards protection was observed in all ethnic groups, and the overall association by stratified Mantel-Haenszel test was highly significant (P ¼ 0.0001). Similar case-control studies have utilised age-matched children attending hospital outpatients as controls with complaints such as gastroenteritis. By using individuals from the same population at birth, we aimed to use a control group free from selection bias. However, given the differences in age between case and control groups, it is possible that age acted as a confounding effect, whereby attrition of HAP3 occurs in the first 3-5 years of life for reasons other than survival from malaria.
Moreover, although the family study is large in comparison with similar studies testing transmission disequilibrium, the power to detect transmission bias for haplotypes that are present at low frequency in the population is consequently reduced. Thus, the power to detect the presumed protective effect of HAP3 by TDT is 0.4 within the present family study. However, it remains puzzling that no bias whatsoever was detected for HAP3 by TDT and indeed why CLADE1/4 showed no association in a case-control study well powered to detect an effect present in the family study.
There is another possible explanation of the discrepancy between the case-control and TDT results, namely that these IL10 haplotypes might affect fertilisation and/or intrauterine survival. In the original paper which described the TDT, 19 it was pointed out this statistic would be sensitive to any bias in allelic transmission that might occur in the normal reproductive process. Recent data suggest that this phenomenon, known as segregation distortion, is relatively widespread in the human genome. 20 This might cause discrepancies between the case-control and TDT data. For example, if HAP3 were beneficial for reproduction, this would act to increase the transmission of this allele in the TDT test, thereby obscuring any TDT evidence of a protective effect against severe malaria. Similarly, the CLADE1/4 results could be explained by a weak effect on reproductive success. Such explanations are highly speculative, but are conceivable in the light of evidence that innate IL10 production is important for human fertility and successful pregnancy, 8, 21 and evidence that genetic variation at the IL10 locus may affect fecundity. 22 Further investigations of the IL10 association with severe malaria, using additional markers in independent study populations, and complemented by analysis of IL10 transmission in healthy families, are needed to resolve these issues.
Materials and methods
Children with severe malaria were recruited at the Royal Victoria Hospital in Banjul, The Gambia, between 1996 and 1998 after obtaining informed consent from a parent or guardian. Severe malarial anaemia was defined as a patient haemoglobin of o5 g/dl (packed cell volume o15%) in association with asexual P. falciparum parasitaemia of 42500/ml on blood film. Cerebral malaria was defined as a Blantyre coma score of p2, persisting for at least 30 min after correction of hypoglycaemia or treatment of convulsions, with asexual P. falciparum on blood film. The study population included 403 children with cerebral malaria and 264 with severe malarial anaemia. Umbilical blood was collected from 459 normal births from the same population within the same hospital, to provide ethnically matched controls. Analysis of intrafamilial association was carried out on 579 family trios, that is, both parents and a child with severe malaria. In all, 279 of the cases used in the casecontrol analysis were incorporated in the family study. The study was ethically approved by the Gambian Government/MRC Joint Ethical Committee.
SNP genotyping SNP genotyping was by primer extension mass-spectrometry using MassArray (Sequenom). 23 One SNP, rs1800890, proved refractory to this method and was genotyped by restriction fragment length polymorphism. Primer sequences and assay conditions are provided in Supplementary Tables C and D. The haplotype frequencies of Gambian parents of children with cerebral malaria or malarial anaemia in Table 4 were determined by the TRANSMIT program, which then calculated the bias in transmission to affected children.
a Haplotype 3 and the clade of haplotypes 1 with 4 were identified by genotyping the +4949, À1117 and À3585 polymorphisms only.
Statistical methods
To construct haplotypes from unrelated individuals, we used PHASE. 24 For family trios, we followed the procedure described in Ackerman et al, 25 in which we first identified pedigrees where the phase was unambiguous, and then used PHASE to infer the remaining haplotypes. Haplotype blocks were defined using the Greedy algorithm HaploBlockFinder (available at http:// cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi) and the most efficient tagging SNPs were identified within blocks using the ENTROPY algorithm (available at http://www.well.ox.ac.uk/~rmott/SNPS/). The TDT of association within families was carried out using Transmit v 2.5 26 (available at http://www-gene.cimr.cam.ac.uk/ clayton/software/).
